Introduction
Nodular lymphocyte-predominant Hodgkin's lymphoma (NLPHL) and classical Hodgkin's lymphoma (cHL) show marked similarities in their histological appearances. 1 The tumor cells of these lymphomas, the Hodgkin and ReedSternberg (HRS) cells in cHL and the lymphocyte-predominant (LP) cells, formerly named lymphocytic and histiocytic cells, 2 in NLPHL, are embedded in a reactive inflammatory background and often account for only 1% of cells in the tumor tissue. It is well known that HRS cells show strong constitutive NF-κB activity, which is thought to contribute critically to their malignant behavior. 3 Recently, it was demonstrated that also LP cells show constitutive NF-κB activity. 4 While little is known about the mechanisms leading to the deregulation of the NF-κB pathway in NLPHL, we have some insight into these mechanisms in cHL. Apart from ligand-mediated activation provided by the microenvironment via CD30, CD40 and RANK surface receptors of the TNF receptor family or intrinsic stimuli by the latent membrane protein (LMP) 1 in Epstein-Barr virus (EBV)-positive cases, HRS cells can acquire constant NF-κB activation by genetic lesions, in particular amplification of the REL gene or inactivating mutations of inhibitors of the NF-κB signaling pathway, i.e. the NFKBIA, NFKBIE and TNFAIP3 genes. [5] [6] [7] The latter genes hence function as tumor suppressor genes in cHL.
NFKBIA codes for IκBα, a protein that prevents the nuclear translocation of NF-κB heterodimers by binding and retaining them in the cytoplasm, thereby inhibiting NF-κB activity. NFKBIA, located on chromosome 14q13 was shown to contain inactivating mutations in Hodgkin's lymphoma (HL) cell lines and primary cases in about 20% of cases analyzed. [8] [9] [10] [11] Even more important is the recent finding that 70% of EBVnegative cHL cases contain functionally inactivating mutations of mostly both alleles of the TNFAIP3 gene, located on chromosome 6q23. 6 The encoded protein (A20) functions as Nodular lymphocyte-predominant Hodgkin's lymphoma (NLPHL) shows constitutive NF-κB activity in the malignant lymphocyte-predominant (LP) cells. Constitutive NF-κB activity also plays a central pathogenetic role in classical Hodgkin's lymphoma (cHL), where inactivating mutations in the NFKBIA and TNFAIP3 genes, coding for the negative NF-κB regulators IκBα and A20, respectively, contribute to NF-κB activation. To determine whether mutations in NFKBIA and TNFAIP3 are also involved in the pathogenesis of NLPHL these genes were sequenced from microdissected LP cells of 10 primary NLPHL. We also studied DEV, the only cell line proposedly derived from LP cells, after we had confirmed its derivation from NLPHL by gene expression analysis. A heterozygous somatic missense mutation in the NFKBIA gene was found in one NLPHL, and a heterozygous, possibly subclonal, two base pair insertion in TNFAIP3 in another case. The low mutation frequency and the absence of biallelic destructive mutations propose a minor contribution of NFKBIA and TNFAIP3 mutations to the NF-κB activity of NLPHL, suggesting different mechanisms of NF-κB activation in NLPHL and cHL.
Notably, TNFAIP3 mutations are much rarer in EBV-positive cases of cHL, indicating that viral transformation, and in particular NF-κB activation through LMP1, may replace the pathogenetic role of A20 in the EBV-positive cases. 6 Given the important role of inactivating mutations in the tumor suppressor genes NFKBIA and TNFAIP3 in cHL, the fact that LP cells are essentially always EBV-negative and the recent recognition of constitutive NF-κB activity also in LP cells of NLPHL, we studied the contribution of inactivating mutations in these two genes to the pathogenesis of NLPHL.
Design and Methods

Generation of gene expression profiles and principal component analysis
The gene expression profiles of primary HRS and LP cells were available through an earlier study. 4 Gene expression profiles of the HL cell lines were generated with the same protocol. For the 134 preselected probe sets of differentially expressed genes between cHL and NLPHL with filter criteria fold change ≥1.8 or ≤-1.8 and false discovery rate ≤0.1, we performed principal component analysis. The first principal component, accounting for 63.3% of the variance, was used as an expression signature for the given gene list, which was then applied to the five HL cell lines.
Patient samples and laser microdissection of LP cells
Lymph node samples from 10 patients with NLPHL were collected from the Senckenberg Institute of Pathology at University of Frankfurt. The Institutional Review Board at the University of Frankfurt approved the study. For amplification and sequencing aliquots of 20 pooled as well as single LP cells were obtained by microdissection from 5 µm cryosections stained for CD75 14 (Abcam, Cambridge, USA) mounted on membrane covered slides using the PALM Robot-MicroBeam laser microdissection system (PALM, Bernried, Germany).
Amplification and sequencing of NFKBIA
Samples were incubated with 0.5 mg/mL proteinase K at 50°C for 2 h followed by 5 min at 95°C. Exon 1 was amplified using 1.5 mM MgCl2, 1 M betaine, and primers IKB1h (5'-CAGCGCCCCAGCGAGGAAGCAG-3') and IKB1e (5'-AGCGTTCGGGGCGGTGCAGGAG-3'). Exons 2-6 were amplified in a multiplex PCR containing 2 mM MgCl2, 1 M betaine and primers. 10 PCR was performed for 35 cycles. Following first-round amplification semi-nested PCR was performed individually for each exon with primers previously described, 10 with IKB1b substituted for IKB1h and IKB2b substituted for IKB2b2 (5'-GCCTGCCAGGAACACTCAGCTC-3'). MgCl2 and betaine concentrations equal to first round conditions were used. Forty-five cycles of PCR were performed. Amplificates were sequenced on an automated sequencer (ABI 3130, Applied Biosystems).
Amplification, sequencing and FICTION analysis of TNFAIP3
All coding exons of TNFAIP3 were amplified in a seminested PCR with 35 cycles in the first round and 45 cycles in the second round of amplification, using 3 mM MgCl2 and 1.05 M betaine as previously described. 6 Fluorescence immunophenotyping and interphase cytogenetic (FICTION) analysis of the TNFAIP3 gene was performed using a probe spanning the TNFAIP3 locus and a centromere probe for chromosome 6 as previously described, 6 with monoclonal anti-CD20 antibody (L26; DakoCytomation, Glostrup, Denmark) used for immunofluorescence staining of LP cells.
Results and Discussion
Initially, we wanted to confirm the NLPHL derivation of the DEV cell line, which was originally described to have been established from a cHL patient, 15 but which was later reclassified as being derived from NLPHL. 16 We used global gene expression profiles from primary microdissected HRS and LP cells, 4 and identified a set of 134 genes that best distinguished between them. Gene expression profiles of DEV and four classical HL cell lines were generated and the relatedness of these cell lines to primary HRS and LP cells was assessed by principal component analysis using the above 134 genes. Figure 1 shows that along the first principal component, the four cHL lines co-localize with the population of primary cHL, whereas DEV is located within the population of NLPHL. Thus, regarding genes that are significantly differentially expressed between HRS and LP cells, DEV shows a gene expression profile indistinguishable from primary LP cells, and very different from that of HRS cells. This finding molecularly substantiates the origin of the DEV cell line from NLPHL which is further supported by presence of a BCL6 translocation and CD20 expression, typical features of LP cells, in this cell line. [17] [18] [19] Having validated the origin of DEV, we analyzed this cell line for mutations in the TNFAIP3 gene, but no mutations were found. The DEV cells have already been shown to lack mutations in the NFKBIA gene. 10 To elucidate a potential pathogenetic role for TNFAIP3 and NFKBIA in primary LP cells, samples of 20 microdissected LP cells from 10 cases of NLPHL were evaluated for mutations in these genes, using a two-rounded, semi-nested PCR followed by direct, bidirectional sequencing. PCR amplicons covered all six exons of NFKBIA and the eight coding exons of TNFAIP3.
For the NFKBIA gene, a single replacement mutation was found in exon 5 of one NLPHL, leading to an amino acid change at position 285 of the IκBα protein from aspartic acid to histidine ( Table 1) . The amino acid affected by this mutation is located in the c-terminal PEST domain of IκBα, which is responsible for its proteasomal degradation independent of IKK-mediated phosphorylation. 20 A mutant variant with this amino acid change in the PEST domain, which is physiologically masked upon NF-κB binding, might show altered degradation when compared to the wild-type protein. In the sequence with the mutation, a wild-type as well as the mutated allele were recognizable. Sequencing of exon 5 from a microdissected sample of non-tumor cells from this case showed only the wild-type sequence, confirming the somatic origin of this mutation (Figure 2 ). To establish clonality of this mutation, an additional 6 single LP cells microdissected from different areas of the tumor biopsy were analyzed. Of five evaluable single cell sequences two showed only the wildtype allele, from two cells both the wild-type and the mutated allele were amplified, and one cell sample showed only the mutated sequence. As the PCR efficiency for single molecules from microdissected cells is usually in the range of 30-50%, 6 ,10,21 these results indicate that the LP cells of this case carry a somatic and clonal replacement mutation in exon 5 of one allele of NFKBIA, whereas the second allele is wild-type.
Analysis of the TNFAIP3 gene from LP cells of the 10 cases of NLPHL revealed one case with a heterozygous 2 bp insertion in exon 9, leading to a frameshift at position 759 of the protein ( Table 1) . As a result of this mutation, this allele should code for a variant of the protein with a replacement of the 32 amino acids of the most c-terminal zinc finger domain by 57 other amino acids. Notably, a similar mutation was found in the activated B cell-like diffuse large B-cell lymphoma cell line RC-K8 with postulated dependence on constitutive NF-κB signaling, 22 where the deletion of a single nucleotide in exon 9 leads to a frameshift abrogating the coding sequence of the two terminal zinc finger domains of the protein. This cell line, harboring an additional inactivating mutation of the second allele of TNFAIP3, undergoes growth arrest and apoptosis upon reconstitution of wild-type A20 thus pointing to a potential functional relevance also of the, albeit monoallelic, mutation in the NLPHL analyzed here. The somatic origin of this mutation was proven by amplification of only the wild-type sequence from microdissected non-tumor cells of the respective biopsy ( Figure 2 ). Single LP cells of this NLPHL were further investigated. Of nine sequences obtained from the single LP cells, six showed only the wild-type allele while three showed the 2 bp insertion coexistent with a wild-type allele. FICTION analysis of this case revealed in 11 of 24 nuclei from LP cells (identified as large CD20-positive cells) 3 or 4 copies of the TNFAIP3 gene locus whereas the bystander cells showed no such copy number gain (data not shown). The shift in ratio of detectable unmutated versus mutated alleles might therefore be due to a copy number gain of the (unmutated) TNFAIP3 gene in a fraction of LP cells or the described mutation being a subclonal event.
Based on the presence of a polymorphic or mutated allele together with a wild-type allele in the electropherogram we were able to exclude a loss of heterozygosity in 7 of 10 cases for NFKBIA and 3 of 10 cases for TNFAIP3, i.e. in all informative cases (Table 1) . NLPHL and cHL show marked similarities in histological appearance, global gene expression, and aberrant activation of several signaling pathways. 1, 4 In line with a close relationship of these lymphoid malignancies, some common genetic lesions have been identified, for example mutations in the SOCS1 gene as a mechanism contributing to constitutive STAT transcription factor activity. 23, 24 On the other hand, also distinct genetic lesions have been described in cHL and NLPHL. For example, chromosomal translocations involving the BCL6 locus are frequent in NLPHL but very rare in cHL, and genomic gains of the REL gene have been detected in cHL, but appear to be rare or absent in NLPHL. 7 On this background, it was important to clarify whether the mechanisms causing constitutive NF-κB activity in HRS and LP cells are caused by similar genetic lesions, which would further support a close relationship between cHL and NLPHL.
In the present study, out of 10 cases of NLPHL and the NLPHL cell line DEV, only one mutation was found for each of the two genes under investigation and neither one seems to lead to a functional inactivation of the respective gene in the tumor cells. In both instances, the mutation affected only one allele, and in the case of the TNFAIP3 mutation it might even be a subclonal event, that was hence not a primary transforming lesion. This contrasts to cHL, where NFKBIA and TNFAIP3 mutations were found more frequently, were clonal, and often clearly destructive for both alleles, as it is typical for tumor suppressor gene inactivation. Thus, our study revealed that inactivating mutations in the NFKBIA and TNFAIP3 genes do not contribute significantly to the high NF-κB activity in the LP cells of NLPHL, and that the mechanisms of NF-κB activation in NLPHL are distinct from those of cHL. It remains to be determined whether perhaps genetic lesions of other factors of the NF-κB pathway and/or other stimuli cause the high NF-κB activity of LP cells.
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